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Introduction 

Synthesis  of  well-defined  polymers  by  radical  polymerization 
requires  low  stationary  concentration  of  fine  radicals  md  relatively  high 
concentration  of  the  growing  chains.  Recently,  we  discussed  some 
possibilities  for  preparatian  of  well-defined  polymen  by  radical  process1. 
Growing  radicals  can  react  reversibly  with  scavenging  radicals  to  form 
covalent,  stable  specresL3.4.  Growing  radicals  can  also  react  reversibly 
with  covalent  species  (usually  otgmsnaalllcs)  in  order  a  produce  persistent 
radicals4.  Growing  radicals  may  u  well  parbdpaie  at  the  degenerative 
transfer  reactions  in  which  the  same  type  of  radicals  ase  regenerated .  The 
first  approach  employs  usually  the  bomotytic  cleavage  of  C-hetereatom 
bonds.  The  third  case  is  based  on  the  attack  of  the  propagating  growing 
radicals  on  the  labile  C-heseroama  bands  in  the  transfer  agent.  The  second 
approach  utilizes  the  reversible  formation  of  pcniimnt  radicals  trsnally  based 
on  the  organomrtaHic  compounds. 

Metal  stabilized  propagating  radicals  based  on  Co  and  Cr  were 
described  previously.  Poor  control  of  molecular  weights  and  the  fable  chain 

transfer  processes  could  be  attriburedao  the  revertibmty  of  daeradcK  couples 
Cr^2*  due  ro  their  positive  redox  potentials  and  to  ^-hydrogen 
abstractions  by  the  formation  of  metal  hydrides.  Indeed.  Os  derivatives  have 
been  used  as  very  efficient  chain  transfer  reagents,  in  order  so  regulate 
molecular  weights  of  various  polymers  synthriiini  by  mdfcal  processes*1. 
Initialing  systems  based  on  chrommm  acetsse  and  organic  peroxides,  in  DMF 
as  solvent,  have  been  already  reported  for  the  radical  polymerizatioa  of 
MMA7.  At  temperatures  below  30°C,  molecular  weights  increased 
monotonously  with  monomer  conversion.  These  initialing  systems  have 
been  unsuccessful  in  polymerization  of  other  vinyl  monomers  such  as  vinyl 
acetate  or  styrene. 

Macrocydic  polyamines  such  as  1.4,7,10aetr*azacyckxiodecane  (12- 
ane-4)  and  1,4,7.10.13.16-bezaazacyciooctadecane  (18  mr  gfi  and  related 
siethyl  substituted  derivatives  are  among  the  best  complexing  ligands  for 
transition  metals.  The  ligand  sphere  and  the  coordination  geometry  have  a 
large  influence  on  the  kinetic,  thermodynamic  and  i  In  trank  properties  of 
transition  metal  complexes.  In  some  cases  the  macrocydic  ligand  wWinM 
the  highest  metal  oxidation  stale  leading  m  exceptionally  negative  values  for 
the  metafW2+  redox  couples. 

VAc,  and  methyfrneihacrylate.  MMA  in  THF,  using  as  foe  iniriaaon  some 
redox  systems  based  on  organic  peroxides  and  ohm™—  acetate  in  the 
presence  of  different  N-based  ligands  (2JT-dipyridyl,  Dpy,  18-ane-6 
trisulfate,  N<sH+.  and  hexamethyl  18-ane-b,  N6-CH3). 

Results  and  Discussion 

Effect  Of  Macrocvctic  Uganda  nn  the  F.lectmn  Transfer  Processes 

The  chemistry  of  metal  ions  corapiexed  by  macrocydic  and  macropoiycyclic 
ligands  has  developed  rapidly  over  recent  yean.  Macrocydic  complexes 
generally  exhibit  greater  stability  than  acyclic  analogues,  therefore  one  of 
their  most  important  application  is  related  to  stabilization  of  normally 
inaccessible  oxidation  states  of  metals  involved  in  redox  couples  with 
positive  End  potentials.  The  size  of  metal  ion  varies  with  hs  oxidation  state 
and  therefore  the  steric  strain  enforced  by  foe  ligand  backbone  depends  on 
foe  oxidation  stale  of  the  metaL  Thus,  foe  strain  energy  difference  for  a  metal 
ion  and  a  set  of  its  oxidation  states  is  influenced  by  the  ligand  sphere.  The 
fastest  electron  transfer  processes  for  redox  couples  Mt(B+1)'f^l+  were 
found  for  the  lowest  negative  Ered  values .  Since  foe  redox  potential  of  foe 
couple  Cr3+/2+  jj  shifted  to  negative  values  in  the  pre, settee  of  macrocydic 
polyamine  ligands,  it  was  interesting  to  use  inidaion  based  on  redox  process 
involving  oxidation  of  0(11)  to  OGU)  in  the  presence  of  some  organic 
peroxides.  Furthermore,  since  GflU)  atoms  were  stabilized  in  macrocydic 
complexes,  it  was  also  interesting  to  study  foe  influence  offoecomptexadon 


on  ttabeliTation  of  the  growing  radicals  during  propagation,  by  comparison 
with  uncompleted  Crtfu)  atoms,  and  complex  to  by  "open*  diamine  ligands, 
such  as  2^2'-dipyridyL 

Radical  PnfvmerirMinn  r/VAc  and  MMA 

Radical  polymerization  of  VAc  and  MMA  was  initiated  by  a  redox 
system  based  on  Cr(0Ae)2  and  benzoyl  peroxide  (BPO),  in  THF.  at  room 
temneronna.  fig.  1  shows  time  conversioo  plots  obtained  in  polymerization 
of  VAc  in  the  presence  of  different  ligands,  or  without  ligands,  as  well  as  in 
methanol  as  solvent  The  highest  conversion  (up  to  90%)  obtained  in  the 
shortest  tune  (30  hours),  was  found  in  foe  presence  of  N(JT'’  as  ligand.  In 
foe  presence  of  ligands  known  to  stabilize  foe  lower  oxidation  states  (e.g. 
Dpy,  N6-CH3),  polymerizatioa  tales  were  reduced  and  lower  conversions 
were  observed.  The  presence  of  methanol  as  solvent  enhanced  the  redox 
initiation  rate  at  noticed  by  rapid  change  of  the  color,  but  only  10% 
conversion  was  found  after  48  hours. 


Fig.  1  Time-conversion  plots  in  polymerization  of  VAc  with 
CrtOAc)2/BPO,  THF.  20°C.  (VAcfo  -  5M.  [Cr2+)o  -  [BPO]0-  0.25M, 
fUg)o  “  (Cr2+]0 

Fig.  2  shows  kinetic  plots  in  sermlogarifomtc  coordinates  calculated 
for  three  of  the  systems  shown  in  Fig.  1.  The  absence  of  any  curvatures 
indicates  constant  cooccatratioas  of  the  active  species  during  the  entire 
polymerization  process,  especially  in  the  presence  of  N6H+- 


Fig.  2  First-order  time -con  version  plots  in  polymerization  of  VAc  with 
Cr(OAc)2/BPO,  THF.  20°C,  [VAcfe  -  5M,  [Cr2+]0  -  [BPOJo-  0.25M. 
|UgJo-[Cr2+)0 

Fig.  3  shows  evolution  of  molecular  weights  as  a  function  of  \ 
conversion  for  the  same  three  systems.  In  the  case  of  macrocydic  ligand  (ft)  |- 
a  monotonous  increase  of  Mn  with  conversion  was  observed,  although  \n 
initially,  up  to  20%  conversion,  foe  increase  was  faster  than  at  later  stages.  _ 
The  efficiency  of  initiation  calculated  per  chromium  atom  was  about  16%.  U 
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Fig.  3  Mn -conversion  dependence  in  polymerization  of  VAc  with 
Cr(OAc)2/BPO,  THF.  20°C.  [VAcJo  -  5M.  [C^+Jo  -  [BPOJo-  0.25M, 
[LigJo  -  (Cr^lo 

In  the  absence  of  any  ligands,  a  curvature  in  Mn-conversion 
dependence  (a)  indicates  poor  control  of  molecular  weights.  However, 
molecular  weights  were  significantly  lower  than  those  obtained  by  initiation 
with  benzoyl  peroxide  alone  (in  the  absence  of  chromium  acetate), 
suggesting  the  efficient  chain  transfer  reactions,  in  the  presence  of  Dpy  as 
ligand  for  CrfC),  molecular  weights  are  the  lowest  and  do  not  vary  with 
conversion.  Probably  a  combination  of  slow  imthuion.  fast  propagation  and 
fut  chain  transfer  reactions  might  operate  in  this  sysm. 


Fig.4  Dependence  of  pclydispersities  on  conversion  in  polymerization  of 
VAc  with  Cr(OAc)2/BPO,  THF.  20°C,  [VAcJo  -  5M.  [CrZ+U  .  [BPOJo- 
0.25M,  [LigJo  —  [0^+|o 

Ftg.4  shows  the  variation  of  polydispersitiei  for  the  same  three 
systems.  In  the  presence  of  macrocydic  ligand  N<>Ji+  poiydispenities  were 
the  lowest  (Mw/M„-I.54  »  1.63),  tut  increa^wTSKTS 
convOTtons  and  higher  molecular  weights.  In  the  absence  of  anv  ligand, 
pojydwperstnes  wme  Mgher.  with  an  increase  at  the  end  of  thereaction 
*°  I  76)-  In  the  presence  of  Dpy  as  ligand,  the  Inchest 
polydisperstnes  (Mw/M,-1.7  to  1.84),  increasing  with  conversion  at 
constant  mofecular  vmtghts  confirm  the  major  contribution  of  chain  transfer 
reactions,  It  is  possible  that  chromium  hydrides  ate  formed  by  elimination  of 
P-H  atoms  from  the  growing  radicals. 


*  p™*cnu  Mn-con version  dependence  in  polymerization  c 
mma,  with  the  initiating  system  baaed  on  Crflli/BPO/N*  H+  , 
raonotoooos  increase  of  Mn  with  conversion  is  observed.  Slow  redo 
uuoanon  pmcessmaybe  responsible  for  the  inWai  nt^aOT  c 

molecular  weights.  Efficiency  of  initiation  was  about  30%  (at  1003 

“n-c,lc  *  1  OOzfMMA | o/tCr2+]0» 10,000).  Also 

""w  ^  >"  *  "classic"  radical  poiymerizatio* 


Fig.  3  Mn-c  on  version  dependence  in  polymerization  of  MMA  with 
Cr(OAc)2/BPO,  THF,  20°C.  [MMA  Jo  «  3M.  (Cr2+Jo  -  [BPOJo-  0.25M, 
fLillo-fCr2^ 


?  ? 

PhO-O-O-C-Ph  ♦  Ct**(OAc)a 


THF  . 

- —  Ph  ♦ 

20°C 


Cr**(OAc)*(OBz) 

(1) 


During  oxidation  of  O2*  to  Cr^+,  chromium  complexed  by  two 
molecules  of  Dpy  loses  an  electron  by  an  "outer-sphere"  electron  transfer 
process.  Dpy  preferentially  stabilizes  the  lowest  oxidation  stale  (Gt2*).  The 
non-comp lexed  CrflD)  atoms  might  be  therefore  more  reactive  and  may 
tapidly  abstract  P- hydrogen  atoms  from  growing  radicals. 

The  macrocydic  tetra(hexa)amiD<  ligands  the  best  stabilizers  for 
Crim)  (the  smaller  ion  radius,  the  shortest  N-metal  bonds).  This  my  lead  to 
a  faster  initiation  by  the  -inner-sphere”  electron  transfer  process: 


O  O  O 

I  D  mi  ?  . 

Ph-C-O-O-C-Ph  ♦  — *•  Ph-C-O  ♦  CrJ*/N»,H*(PhC007 


Macrocydic  ligand  is  protonased  by  the  sulfuric  add.  The  benzoate  anion  is 
therefore  probably  converted  to  benzoic  acid  and  replaced  by  sulfonate  anion. 
It  is  also  possible  that  complexed  chromium  reacts  reversibly  with  growing 
radicals.  These  equilibria  could  explain  enhanced  control  of  molecular  weights 
and  polydispersitiei. 

Conclusions 

PoIy( vinyl  acetate)  and  poiy(methyl  methacrylate)  with  controlled  molecular 
weights  were  prepared  by  radical  polymerization  using  the  initiators  based  on 
redox  systems  CiiK)Ac)2/BPO/N-iigands.  in  THF  at  ambient  temperatures. 
Structure  of  N-Bgands  affects  the  initiation  rale  and  propagation  control.  The 
highest  degree  of  consol  was  achieved  by  using  macrocydic  polyanunes  12- 
ane-4ind  I8-ane-6. 
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